
N O N S T A T I O N A R Y  H E A T  T R A N S F E R  

B.  M. S m o l ' s k i i  and L.  A.  S e r g e e v a  UDC 536.24(048) 

I .  I n t r o d u c t i o n  

The experimental  and theoret ical  hea t - t r ans fe r  intensity relationships now widely employed in heat -  
t r ans fe r  calculations for technological p rocesses  and heat-exchange equipment were obtained for stat ionary 
hea t - t r ans fe r  conditions. Under actual conditions, pa ramete r s  of importance to the hea t - t r ans fe r  process  
often vary  both during the process  itself and in the course  of t ransients .  In much modern equipment, the 
time rates  of change of the thermal  pa ramete r s  can be high. 

This ra i ses  the question of whether these relationships remain applicable under such conditions. 

The l i te ra ture  contains many theoret ical  and substantially fewer experimental  studies of nonstationary 
heat exchange, which is important  for severa l  new fields of science and technology. 

To compute the hea t - t r ans fe r  intensity, we use the expression 

qw = a (T w - -  Tfl). (1) 

In actual p roces ses ,  such paramete r s  as Tw, Tfl, the flow velocity, and the propert ies  of the fluid that 
determine the hea t - t r ans fe r  intensity can vary with time. For  identical values of T w and Tfl , the heat fluxes 
will in principle differ for s tat ionary and nonstat ionary conditions owing to the difference in the hea t - t r an s -  
fer  coefficients.  To determine the ratio of these coefficients,  we must ,  by theoretical  or experimental 
means ,  find the way in which this ratio depends on the hea t - t r ans fe r  pa ramete r s  relevant for s tat ionary con-  
ditions and on the new pa ramete r s  charac te r i s t i c  of the nonstationary p rocess .  For  these latter p a r a m -  
e ters ,  it makes sense to take the rate of change of the t ime-dependent hea t - t r ans fe r  pa ramete r s ,  such as 
8Tw/8 % 8Tfl/3T, 8w/aT,  where w is the flow velocity. 

The degree of deviation from a s tat ionary process  depends both on the rate of change of the wall t em-  
pera ture  and on the proper t ies  of the medium. We can imagine a case in which high heat capacity and low 
thermal conductivity of the medium can produce significant deviations in the hea t - t r ans fe r  rate from the 
corresponding stat ionary values at relat ively low values of the hea t - t r ans fe r  rate.  The reason is that the 
amount by which the process  differs f rom the stat ionary mode is in general  not determined by the absolute 
time rate of change in the tempera ture  of the surface,  but by an entire complex of parameters  that includes 
the proper t ies  of the medium moving with respect  to the body. 

Thus the important  problems in nonstat ionary heat t ransfer  include not only the case of stepwise 
change in pa rame te r s ,  but also the case of slower variat ion of, for example, heating and cooling of bodies, 
since here  we also have a substantial departure  of the s tat ionary p rocesses .  These cases are also impor -  
tant since it is just these that we face in pract ice .  

This sor t  of nonstat ionary hea t - t r ans fe r  process  naturally does not exclude cases in which despite a 
variat ion in, for example, the surface tempera ture ,  the tempera ture  profiles in the boundary layer  can be 
adjusted in accordance with the changing conditions at the wall, and ordinary methods can be used in heat -  
t ransfer  calculations,  with the instantaneous pa ramete r  values being employed. In such case,  we have a 
quasis tat ionary hea t - t r ans fe r  regime.  

This situation, in which we have joint nonstat ionary heat conduction in the boundary layer and wall, 
differs from the situation in which the rate of heat propagation is finite [1, 2]. As was shown in [1, 2], for 
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most  cases encountered,  the expressions for the heat flux in ordinary form yield sufficiently accurate  r e -  
suits.  If we neglect the part ial  derivative of the heat flux with respect  to time, the result ing e r r o r  in de-  
termination of the time at which a certain tempera ture  vaIue appears in a given section amounts to 10 .9. 
10 -~9 see,  which is hardly noticeable,  given the p resen t -day  state of measurement  technique. 

These conclusions obtained by examining the mechanism of the process  can be confirmed by theoret i -  
eal analys is. 

The authors r e s t r i c t  their  discussion to studies involving the conditions of ordinary thermal -equip-  
ment engineering, and do not consider  nonstationary heat exchange, which is complicated by other p ro -  
cesses  (chemical t ransformat ions ,  dissociat ions,  etc.). 

2. T h e o r e t i c a l  S t u d i e s  

We shall take a br ief  look at the results  of the theoretical  analysis of the nonstat ionary hea t - t r ans fe r  
p rocess  (on the basis of published data). 

The nature of the nonstat ionary hea t - t r ans fe r  process  is such that the boundary conditions are not 
known in advance, but are  found during solution of the problem. This requires  combined examination of the 
heat-conduction equations for the solid body and the energy equations for the fluid flow, i.e., the study of 
nonstat ionary heat t ransfer  involves a coordinated problem [4-7]. 

As several  authors have noted [8, 44], at the present  time it is a very complicated mat te r  to solve 
such a problem. 

The problem was f i rs t  ra ised  in [5]. The authors considered nonstat ionary heat exchange between a 
section of rectangular  type and a laminar  fluid flow. The process  is nonstat ionary owing to cooling of the 
pipe section. Allowance was made for the tempera ture  distribution over the thickness of the pipe. At the 
initial time, the wall t empera ture  (constant over the thickness) differs from the flow temperature .  Many 
of the ordinary  assumptions were used in solving the problem. 

Simultaneous solution of the wall heat-conduction equation and the flow energy equation, allowance 
for the boundary condition of the sys tem as a whole, yielded the following relationship for the specific heat 
flux through the heat-exchange surface at high values of ~ [5]: 

q ~ f l t  o -~y exp --}N - -  7c7  (2t 
where t o is the initial t empera ture  of the section of the wall of the tube; d is the equivalent d iameter  of the 
tube; l is the dimension of the section of the tube; 6 is the thickness of the considered section of the tube; 

= dPeFOfl / / .  

It follows from the relationship obtained that the rate of nonstat ionary heat t ransfer  is influenced both 
by usual hea t - t r ans fe r  pa ramete r s  for s ta t ionary cases (such as Re, P r ,  and the charac te r i s t i c  length d), 
and by the proper t ies  of the wall mater ia l  (CP)w, the wall thickness 5, and the initial tempera ture  t 0. The 
power of 5 arid cp in the exponent will differ,  for the same values of Bi, from the power for the quas is ta-  
t ionary exponential relat ionship (with c~ = eonst). This is obvious from the physical viewpoint since,  de-  
pending on the thickness and mater ia l  of the wall, the tempera ture  distributions in the walI, including that at 
the heat-exchange surface,  will differ for identical times and identical hydrodynamic conditions. As a con-  
sequence,  the tempera ture  gradients  at the surface  and the heat fluxes will also differ. The values of the 
heat fluxes and of o~ will differ from the corresponding values for quasis ta t ionary conditions. Here we also 
note that the basic  differences between nonstat ionary and s ta t ionary heat t r ans fe r  were f i rs t  formulated in 
[3-51. 

The question of the difference between hea t - t r ans fe r  coefficients under nonstat ionary and stat ionary 
conditions was ra ised  by Kudryavtsev in 1948 [3]. In [4], the features of nonstat ionary exchange were con-  
f i rmed experimental ly.  

The f i rs t  solutions of nonstat ionary problems were found in 1959 and 1960 [8-10]. Nonstationary heat 
t ransfer  in a pipe with stabil ized flow was also considered for the initial thermal  section of the pipe [9, 101o 
In contras t  to [5], the coordinated problem was not considered;  it was assumed that  at a certain time the 
wall t empera ture  or the heat flux changed abruptly to a new constant value. As a result ,  the heat flux den- 
si ty q at the wall was attained as a function of the pipe coordinate x /d  and Fo for a temperature  jump. As 
Fo increases ,  qw decreases ,  approaching a constant value that depends on x/d.  Calculations show [8] that 
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Fig .  1. Ratios of heat  fluxes and su r face  t e m p e r a t u r e s  
at f ronta l  point of sphe re  under  nons ta t ionary  and s t a -  
t ionary  conditions as functions of the p a r a m e t e r  ~-' 
= P r - i / ~ U ~ t / R  [18]: a) s tep change in heat  flux at s u r -  
face; b) s tep change in t e m p e r a t u r e  at su r f ace .  

for  ce r t a in  values of x / d  and Pc ,  a new s t a t i ona ry  s ta te  se ts  in a f te r  18 see  for  t r a n s f o r m e r  oil ,  8 sec  for  
w a t e r ,  and 0.05 sec  for  a i r .  

F o r  a s tepwise  doubling of the heat  flux over  the ini t ia l  flux for  r ea l  values of the flow p a r a m e t e r s  in 
a pipe,  the t ime r e q u i r e d  for  the nons ta t ionary  hea t -exchange  p r o c e s s  to se t t l e  to a new s ta te  will  be of the 
o r d e r  of 90 sec .  

When the p r e s s u r e  g rad ien t  va r i e s  pe r iod i ca l l y  in t ime (pulsating flow), we also will  have a p r o c e s s  
of nons ta t ionary  heat  t r a n s f e r ;  the in tens i ty  of the p r o c e s s  will  d i f fer  f rom that of s t a t i ona ry  heat  t r a n s f e r ,  
depending on the pulsa t ion  f requency [8]. As the f requency d rops ,  the p r o c e s s  becomes  quas i s t a t iona ry .  
The Prand t l  number  has the following influence: if for  a spec i f i c  f requency with the other p a r a m e t e r s  being 
constant ,  the h e a t - t r a n s f e r  p r o c e s s  is quas i s t a t i ona ry  for  P r  << 1, then for  suff ic ient ly  high values of P r ,  the 
nons ta t ionary  h e a t - t r a n s f e r  ra te  will  subs tan t ia l ly  exceed the s t a t iona ry  heat  flux. The di f ference  in the 
r a t e s  i n c r e a s e s  roughly in p ropor t ion  to the ampli tude of the osc i l l a t ions .  

Making the usual  a s sumpt ions ,  the author of [11, 12] reduced  the p rob lem to solution of the h e a t - c o n -  
duction equation,  and obtained re la t ionsh ips  for  Nu n for  many spec i f ic  c a s e s .  

Ana lys i s  of the nons ta t ionary  h e a t - t r a n s f e r  p r o c e s s  for  a l inea r  t ime var ia t ion  in wall t e m p e r a t u r e  
[12] indica tes  that the value of the nons ta t ionary  c r i t e r i o n  Nu n will  be a mul t ip le  of the value of Nu s (for 
s t a t i ona ry  condit ions) during the ini t ia l  t ime per iod .  

When the wall  t e m p e r a t u r e  of a channel va r i e s  exponent ia l ly ,  Nu n will  i n c r e a s e  without l imi t  in the 
cour se  of t ime.  

Flow of an i n c o m p r e s s i b l e  fluid in a pipe has been cons ide red  in [13] for  t e m p e r a t u r e  that va r i e s  in 
t ime and along the axis of the channel .  In addit ion to ce r t a in  genera l  a ssumpt ion ,  it was a s s um e d  that the 
ra t io  of the d i f fe rence  of the tube r ad i i  to the ins ide  rad ius  is s m a l l ,  that the fluid veloci ty  is constant  in 
t ime and over  a c r o s s  sec t ion ,  and that the heat  capac i ty  of unit volume of fluid can be neglec ted  as com-  
p a r e d  with the heat  capac i ty  of unit volume of the wal l .  The r e su l t s  ind ica te  that it is n e c e s s a r y  to allow 
for  the way in which the nons ta t ionary  heat  conduction of the wall  affects the h e a t - t r a n s f e r  p r o c e s s ,  i .e . ,  
it is n e c e s s a r y  to allow for  the influence of the th ickness  (evenwhere  the r e l a t i ve  th ickness  is not large)  
and the t he rma l  c h a r a c t e r i s t i c s  of the wall  m a t e r i a l .  

The nons ta t ionary  the rma l  l amina r  boundary l a y e r  at a p la te  has been cons ide red  in [14-17, 54]. The 
p r o c e s s  is nons ta t ionary  owing to the abrupt  in i t ia l  motion of the i s o t he r m a l  plate  with r e s p e c t  to the fluid 
[14, 15] and the s tep va r ia t ion  in heat  r e l e a s e  [16, 17, 54]. It was shown that there  a re  nons ta t ionary ,  t r a n -  
s ien t ,  and quas i s t a t i ona ry  r e g i m e s ;  the t imes  at which these p r o c e s s e s  set  in depend, in p a r t i c u l a r ,  on P r .  
E x p r e s s i o n s  were  obtained for  Nu in each of these r e g i m e s .  

It was a lso  shown that the heat  capac i ty  of the plate  exer t s  a s igni f icant  influence on the change in 
t e m p e r a t u r e  even for  a th ickness  of 0.1 mm (foil was used).  Cer ta in  other  cases  of nons ta t ionary  heat  
t r a n s f e r  for  a plate  have been cons ide red  in [46-51]. 
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Fig. 2. Relative heat flux at plate surface as function of 
pa rame te r  r ,  = U~r/x under variat ion in surface  t e m p e r a -  
lure [54]: a) resul ts  for step variation in surface t empera -  
ture (ql = q / K g - R e ( T w - T J / x ) ;  b) results  for l inear increase  
in surface ternperature;  1) P r  = 10; 2) 1.0; 3) 0.01. 

The authors of [18] were able to make an explicit demonstrat ion of the difference in hea t - t r ans fe r  
rates  for corresponding s ta t ionary and nonstat ionary conditions. They considered the leading edge of a 
plate and the stagnation point of an ax isymmetr ie  body for a stepwise change (from one constant value to 
another) in the tempera ture  and heat flux at the surface.  The oncoming flow was assumed to be hydro-  
dynamical ly s ta t ionary and the fluid to be incompress ible  with constant proper t ies ;  the energy dissipation 
in the boundary layer  was neglected. The problem was solved separate ly  for short  and long time segments .  
The authors '  solution for  the s ta t ionary eases agree with the famil iar  Sibulkin and Mekhein solutions. It 
follows from the resul ts  (Fig. 1) that for a step change in surface  tempera ture ,  the ratio of the nonstationary 
flux to the s ta t ionary flux can reach severa l  orders  of magnitude during the initial time period, depending on 
Pr ,  the velocity U~ of the oncoming flow, and the radius of curvature  El of the front of the body. In par t ieu-  
lar,  as P r  increases ,  the ratio becomes grea te r .  The ratio of the heat fluxes approaches unity in the course  
of time. The time required for the s ta t ionary state to become established is inversely proport ional  to the 
velocity of the undisturbed flow and direct ly proport ional  to the fourth root of Pr .  

Nonstat ionary heat t r ans fe r  at the stagnationpoint  of a btunt body has been dealt with in several  other 
studies as well. Arb i t r a ry  change in the velocity of the oncoming flow was considered [52], as was non- 
s ta t ionary heat t ransfer  in compress ib le  boundary layers  [53]. 

The ratio of the nonstat ionary heat flux to the s ta t ionary flux can also differ from unity in the case of 
forced convection for a laminar flow past  a flat plate, where the temperature  of the surface changes abruptly 
(Fig. 2a) and l inearly (Fig. 2b). 

We can draw certain conclusions from the theoret ical  resul ts .  

1. Theoret ical  analysis of nonstat ionary heat t ransfer  confirms the previous statements based on 
examination of the mechanism for nonstat ionary heat t ransfer .  

2. The problem of nonstat ionary heat t ransfer  is in principle a "coordinated" problem. This does not 
exclude other approaches.  

3. If the wall heat-conduction equation is replaced by boundary conditions such as the frequently ut i-  
lized stepwise variat ion of the heat flux or tempera ture  at the surface,  the problem becomes s impler ,  but 
the region of applicability of the resul ts  contracts .  The Duhamel principle can be used to general ize the 
resul ts  for  stepwise pa ramete r  variation to monotonic variation,  which corresponds  bet ter  to the actual 
p roces ses .  

Let us now look at the methods and resul ts  of experimental  investigations into nonstationary heat 
t ransfer .  

3. M e t h o d s  f o r  E x p e r i m e n t a l  D e t e r m i n a t i o n  of  t h e  B o u n d a r y  

C o n d i t i o n  o f  N o n s t a t i o n a r y  H e a t  T r a n s f e r  

The following methods can be used to set up the conditions for nonstat ionary heat t ransfer :  1) s tep-  
wise variation in the heat flux or  the tempera ture  at the surface (this method is difficult to real ize  [16, 19]); 
2) stepwise variat ion in the heat re leased  within the body [19-26], real ized by changing the applied e lec t r ic  
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load;  3) h e a t i n g  o r  coo l ing  of the body  in the f lu id  f low [4, 20-22 ,  27-32] ;  4) v a r i a t i o n  of the flow t e m p e r a -  
t u r e  [26, 33]; 5) v a r i a t i o n  of h y d r o d y n a m i c  p a r a m e t e r s  (such as the v e l o c i t y  [34] o r  f lu id  flow r a t e  [20-22,  
26, 32, 35]); 6) p e r i o d i c  v a r i a t i o n  of p a r a m e t e r s  (pu l sa t ing  f lows) .  

1. D e t e r m i n a t i o n  of H e a t - T r a n s f e r  Coef f i c i en t  at  Low Va lues  of Bi  (exponen t ia l  m e t h o d  [3]). In th is  
c a s e ,  the amount  of h e a t  a p p l i e d  to the body  du r ing  the i n t e r v a l  d r  equa l s  the hea t  c a p a c i t y  of the body m u l -  
t i p l i e d  by  the change  dt in the  body  t e m p e r a t u r e .  In th is  e a s e ,  the t e m p e r a t u r e  is the s a m e  for  a l l  po in ts  in 
the body ,  so  that  

Qd~ = 6cpdt = a (~) (tfl - - t )  Fd'c. (3) 

If we l e t  t f l - t  = ~ ,  the r a d i u s  of the s p h e r e  equa l  R,  
s i m p l e  f o r m u l a s  fo r  the h e a t - t r a n s f e r  coe f f i c i e n t :  

fo r  a s p h e r e ,  

and the p l a t e  t h i c k n e s s e s  be 5,  we obta in  the fo l lowing 

a (T) --  cpR d In ~) 
3 dx ' (4') 

f o r  a t h i n - w a l l e d  c y l i n d e r  and a p l a t e  cu tou t ,  

d l n ~  
(~) = - -  cp8 - -  (4") 

dr 

H e r e  c~ can  be  an a r b i t r a r y  t i m e  func t ion .  F o r  s t a t i o n a r y  hea t  t r a n s f e r ,  the d e r i v a t i v e s  in t h e s e  f o r m u l a s  
w i l l  be  c o n s t a n t .  F o r  a c o n s t a n t  h e a t - t r a n s f e r  c o e f f i c i e n t ,  we obta in  the fo l lowing  r e l a t i o n s h i p  f r o m  (4) as  
a s p e c i a l  c a s e :  a = - ( c p R / 3 " r ) l n ( d / ~ a o ) ;  th is  is  u s e d  in [29, 36, 37], f o r  e x a m p l e .  In th is  c a s e ,  l n ~  is a 

l i n e a r  func t ion  of T. 

Th i s  m e t h o d  has  been  u s e d  in [30, 34, 38] fo r  a hol low c y l i n d e r ,  in [28] fo r  a ho l low s p h e r e ,  and in 

[39, 40] fo r  s p h e r i c a l  p a r t i c l e s .  

The  a s s u m p t i o n  that  Bi  is  s m a l l  r e s t r i c t s  the a p p l i c a b i l i t y  of the g iven  m e t h o d  and,  m o r e o v e r ,  of ten 
l e a d s  to v a r i o u s  e r r o r s  in the r e s u l t s ,  s i n c e  u n d e r  ac tua l  cond i t ions  t h e r e  wi l l  be  t e m p e r a t u r e  d r o p s  o v e r  
the  t h i c k n e s s ,  and it w i l l  be  d i f f i cu l t  to d e t e r m i n e  in a dva nc e  (without knowing  the h e a t - t r a n s f e r  coe f f i c i en t )  
the d i m e n s i o n  that  m u s t  be  a s s u m e d  to be  s m a l l .  C e r t a i n  e r r o r s  i ne v i t a b ly  o c c u r  when the d e r i v a t i v e  in 
(4) is r e p l a c e d  by  the r a t i o  of the f in i te  i n c r e m e n t s .  

2. D e t e r m i n a t i o n  of H e a t - T r a n s f e r  Coe f f i c i en t  for  L a r g e  Bi .  A) Method  of S u c c e s s i v e  I n t e r v a l s  [4]. 
R e p l a c i n g  the m o n o t o n i c  d e p e n d e n c e  of the h e a t  f lux at  the p l a t e  s u r f a c e  on the t i m e  by  a s t e p  c u r v e ,  the 
a u t h o r s  have  g iven  s o l u t i o n s  of p r o b l e m s  fo r  s u c c e s s i v e  t i m e  i n t e r v a l s .  T h e  v a l u e s  found at  the  end of a 
g iven  i n t e r v a l  f o r m  the i n i t i a l  cond i t ions  fo r  the so lu t i on  in the next  i n t e r v a l .  In the so lu t ion  fo r  each  i n t e r -  
val  it  was  a s s u m e d  that  the r e g i o n  F o  >- 0.5 is c o n s i d e r e d .  

Wi thout  i n t r o d u c i n g  any g r e a t  e r r o r  into the t e m p e r a t u r e  d e t e r m i n a t i o n ,  we can  n e g l e c t  the in f in i te  
sum of the t e r m s  of the s e r i e s  as  c o m p a r e d  with  the f i r s t  t e r m s  of the so lu t ion .  The  so lu t ion  for  the 
t e m p e r a t u r e  at  the n - t h  t i m e  i n t e r v a l  y i e l d s  an e x p r e s s i o n  fo r  the  h e a t  f lux,  

i ~ n - - I  
L 

it (x, ~ ) - -  to] - 7 - -  ~ ' ,  qi Foi 
O 

i=, (5) 
q~ = 1 x 2 

Fo~ - -  - ~  + �89 ~ 

This  r e l a t i o n s h i p  can  be  g e n e r a l i z e d  to the c a s e  of v a r i a b l e  t h e r m a l  p r o p e r t i e s  [4]. 

When (5) is  e m p l o y e d ,  t h e r e  m a y  be  c e r t a i n  e r r o r s  in the r e s u l t s .  T h e r e  wi l l  i nev i t ab ly  be  an e r r o r  
in d e t e r m i n a t i o n  of the hea t  f lux du r ing  the in i t i a l  t i m e  p e r i o d  (where  it is  g r e a t e s t )  owing to the fac t  that  
whi l e  the v a r i a t i o n s  in t e m p e r a t u r e  and h e a t  f lux at the s u r f a c e  a r e  s i g n i f i c a n t ,  the change  in t e m p e r a t u r e  
f a r  f r o m  the s u r f a c e  wi l t  be  r e l a t i v e l y  s m a l l .  The  d e t e r m i n a t i o n  of h e a t - t r a n s f e r  p a r a m e t e r s  at  the s u r f a c e  
in t e r m s  of s m a l l  changes  in t e m p e r a t u r e  f a r  f r o m  the s u r f a c e  can i n t r o d u c e  s u b s t a n t i a l  e r r o r .  By the v e r y  
e s s e n c e  of the m e t h o d ,  this  e r r o r  wi l l  be  i n t r o d u c e d  into the s u c c e e d i n g  h e a t - f l u x  v a l u e s .  E r r o r s  can a l so  
be  a s s o c i a t e d  with the r e p l a c e m e n t  of the ac tua l  r e l a t i o n s h i p  by  a s t e p  c u r v e  ( p a r t i c u l a r l y  when t h e r e  a r e  
l a r g e  changes  in the hea t  f lux in unit  t ime ) .  The  s i t u a t i o n  is m a d e  s t i l l  w o r s e  by  the fac t  that  the t i m e  i n t e r -  
va l  c o r r e s p o n d i n g  to one s t e p  cannot  be  m a d e  s m a l l e r  than the va lue  found f r o m  the condi t ion  F o  -> 0.5. 
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The e r r o r s  m a y  be r e d u c e d  when t h e r e  is a d e c r e a s e  in the d i s t a n c e  b e t w e e n  the l oca t i on  of the 
t h e r m o c o u p l e  junc t ion  and the s u r f a c e .  Th i s  can be done ,  in p a r t i c u l a r ,  by  r e d u c i n g  the t h i c k n e s s  of the 
c a l o r i m e t e r  e l e m e n t  when the junc t ion  is  l o c a t e d  at  the r e a r  s u r f a c e .  U n d e r  t h e s e  c o n d i t i o n s ,  c o m p a r i s o n  
of the s u c c e s s i v e - i n t e r v a l  m e t h o d  and the exponen t i a l  m e t h o d  has  shown [41] that  the two m e t h o d s  g ive  
h e a t - f l u x  m e a s u r e m e n t  r e s u l t s  that  a r e  in good  a g r e e m e n t .  

To d e t e r m i n e  the h e a t - t r a n s f e r  coe f f i c i en t  by the s u c c e s s i v e - i n t e r v a l  m e t h o d ,  we m u s t  know the t e m -  
p e r a t u r e  of the f lu id  f low, and use  (5) to d e t e r m i n e  the t e m p e r a t u r e  of the s p e c i m e n  s u r f a c e .  The  l a t t e r  
d e t e r m i n a t i o n  is s u b j e c t  to the s a m e  e r r o r s  as  a r e  the h e a t - f l u x  da ta .  

B) The  M e a n - T e m p e r a t u r e  Method  [4]. In th is  m e t h o d ,  we m a k e  use  of one a s p e c t  of the he a t i ng  
(cool ing)  of a body:  t h e r e  a lways  is  a c e r t a i n  i s o t h e r m a l  s u r f a c e  in the body ,  whose  t e m p e r a t u r e  at  each  
i n s t an t  equa l s  the m e a n  t e m p e r a t u r e  of the body.  When Fo  > 0.5, the c o o r d i n a t e  of th is  p lane  fo r  a p l a t e ,  
unde r  b o u n d a r y  cond i t ions  of the s e c o n d  k ind ,  is  d e t e r m i n e d  f r o m  the condi t ion  

6 ~ - -  3 x ~ / G 6  ~ = O, (6) 

whi le  the so lu t i on  of the h e a t - c o n d u c t i o n  equa t ion  r e d u c e s  to 

q d~ 
t (x , ,  T ) - t 0  = T Y (7) 

C o m p a r i n g  (4) and (7), we s e e  that  the t e m p e r a t u r e  in (7) is  the m e a n  t e m p e r a t u r e  of the body .  

It was  shown in  [4] that  (6) is a l so  va l id  u n d e r  o t h e r  b o u n d a r y  c o n d i t i o n s .  In this  m e t h o d ,  the hea t  
f lux is d e t e r m i n e d  by  m e a n s  of (7) f r o m  the t e m p e r a t u r e  m e a s u r e d  at the poin t  x , .  The  m e t h o d  is s u b j e c t  
to a l l  the d r a w b a c k s  of the s u c c e s s i v e - i n t e r v a l  m e t h o d .  

C) The S u r f a c e - P o i n t  Method  [42]. A m e t h o d  fo r  d e t e r m i n i n g  n o n s t a t i o n a r y  b o u n d a r y  cond i t ions  can 
be  ob ta ined  by  so lv ing  the h e a t - c o n d u c t i o n  equa t ion  fo r  b o u n d a r y  cond i t ions  v a r y i n g  a r b i t r a r i l y  in t i m e .  In 
[42], the p r o b l e m  was  s o l v e d  for  p l a t e s  u n d e r  the a s s u m p t i o n  that  the a r b i t r a r y  t ime  r e l a t i o n s h i p s  of the 
t e m p e r a t u r e s  at  both p l a t e  s u r f a c e s  w e r e  s p e c i f i e d .  F o r  the z e r o  i n i t i a l  cond i t ion ,  the s o l u t i o n  of such  a 
p r o b l e m  has  the fo l lowing  f o r m  [42]: 

t(, ,  T) = % + 7-  % + ! l [ { n n exp ar  
~=, L--t~l 

• sin n n  exp [(--I)"  % ('c*) - -  % (T*)] d**. (8) 
6 

0 

The hea t  f lux at the s u r f a c e  can be found if  we take  the d e r i v a t i v e  of the t e m p e r a t u r e  (8) with r e s p e c t  
to x,  s e t  x to z e r o ,  and s u b s t i t u t e  the d e r i v a t i v e  into the h e a t - c o n d u c t i o n  law (9}: 

0t i 
q = - x g ! = - o  (9~ 

We m u s t  e m p h a s i z e  that  the m e t h o d  is f r e e  of r e s t r i c t i o n s  on the va lues  of Bi ,  Fo  that  w e r e  e m p l o y e d  
in the p r e c e d i n g  m e t h o d s .  T h e r e  a r e  d i f f i c u l t i e s  a s s o c i a t e d  with  m e a s u r e m e n t  of the t e m p e r a t u r e  of the 
s u r f a c e  at  which hea t  t r a n s f e r  t akes  p l a c e .  

D) D e t e r m i n a t i o n  of the Hea t  F l u x  at  the S u r f a c e  of a S e m i i n f i n i t e  Body .  When the wal l  can be  t r e a t e d  
as  a s e m i i n f i n i t e  b o u n d a r y ,  we n e e d  only m e a s u r e  the t e m p e r a t u r e  at  the sur-faee  to d e t e r m i n e  q [43]. If we 
f ind the d e r i v a t i v e  of the t e m p e r a t u r e  with r e s p e c t  to the c o o r d i n a t e  at the s u r f a c e  and s u b s t i t u t e  it  into (9), 
we obta in  an e x p r e s s i o n  fo r  the hea t  f lux at the s u r f a c e  [43], 

~ dq~('~*) _ d'~* 
q(~) -- V~ u d d-r (T - -  "~*)--=~- " (10) 

E) D e t e r m i n a t i o n  of the H e a t - T r a n s f e r  Coe f f i c i en t  for  Mot ion of a Gas  in a P i p e  [20, 44, 45].  The  
h e a t - t r a n s f e r  c o e f f i c i e n t  fo r  n o n s t a t i o n a r y  c o e f f i c i e n t s  is  d e t e r m i n e d ,  as  f o r  s t a t i o n a r y  c o n d i t i o n s ,  by  the 
e x p r e s s i o n  

qw 
(ii) 

t fl - -  t fl 
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In [44], the one-dimensional energy equation was solved for the mean-calorimeter temperature of the 
flow to d e t e r m i n e  the fluid tempera ture  at any section for any instant tfl(X , 7); the following were assumed 
to be known: the initial tempera ture  and flow rate ,  and the relationship between the heat flux qw and the in- 
side surface of the pipe and x and ~-. 

The m e a n - c a l o r i m e t e r  tempera ture ,  found by a numerical  method, was taken to equal the unknown 
fluid t empera ture  tfl. 

To determine the heat flux and tempera ture  at the inside surface  of the pipe, the hea t - conduc t ion  
equation for the tube wall was solved. Here it was assumed that there is no flow of heat along the pipe 
through the wall, that the heat sources  are  distr ibuted uniformly over the wall thickness,  and that the heat 
re lease  is determined by the specified value of qv" The solution was obtained by computer with the aid of 
a f ini te-difference method. With the relat ionships found, the measured  values of outside tube-surface  t em-  
pera ture  and heat re lease  qv  could be used to find the heat flux and the tempera ture  at the inside surface.  
In contrast  to the initial formulat ion of the problem, at this stage it was assumed that qw and t w are  t ime-  
dependent, but independent of the coordinates.  Thus a fair ly complex computational method was used to 
find the quantities that determine the hea t - t r ans fe r  coefficient in accordance with (11). One advantage of 
such a formulat ion is that it very  closely approximates one actual case of nonstat ionary heat t ransfer .  

Depending on the actual conditions, severa l  other methods can be developed to determine the heat -  
t ransfer  coefficients tha t resemble  those considered in paragraphs  C), D), and E). 

4. R e s u l t s  o f  E x p e r i m e n t a l  I n v e s t i g a t i o n  of  N o n s t a t i o n a r y  

H e a t  T r a n s f e r  

There  have been severa l  studies of heat t ransfer  for a body for which Bi < 0.1-0.01 (depending on the 
accuracy  required) in a s t r eam of air .  

Wind-tunnel studies have been made for Re values of between 650 and 1.3.105 [36] and 2.4.104 to 
2.4 �9 105 [37, 29]. The experimental  objects were 6.32 and 3.93 mm diameter  steel bails [36], and balls 
made f rom various meta l s ,  and measur ing  30-80 mm in diameter  [37, 29]. The bails were f i rs t  heated in 
eIectr ic  furnaces and then placed in a s t r eam of air.  The initial t empera ture  drop reached 30~ I36] and 
80~ [37, 29]. The cooling process  was monitored by thermocouples and an oscil loscope.  The result ing 
tempera ture  curves  were used to determine the hea t - t r ans fe r  coefficient from the f i rs t  of the methods d is -  
cussed.  The experimental  results  indicate that under such conditions the hea t - t r ans fe r  coefficient is inde- 
pendent of the cooling rate,  the size of the ball,  or the mater ia l  of the ball, and is constant for a given value 
of Re. In our opinion, the absence of unsteady effects during the experiments  is accounted for by the low 
rates  of change of tempera ture  with time. At the initial stage of the p rocess ,  the rates  did not exceed 0.5- 
2.0~ par t icu lar ly  for  heat t r ans fe r  to air ,  such values make it possible for the boundary layer  to change 
in accordance  with the tempera ture  of the surface.  The changes in bail size and in cp that occur red  in the 
experiments has little influence on this value. 

The experimenta[ bodies were also selected on the basis of a small Bi number in [28, 34, 30, 40]. 

In [28, 30], unsteady heat transfer was investigated for hollow spheres and cylinders in an air stream; 
a wind tunnel was used. The value of Re varied from 103 to 7 '  10 3. In [28], the experimental objects were 
thin-walled hollow copper (5 = 0.2 ram) and aluminum (5 = 0.36 ram) spheres, 39 mm in diameter, and a 
hollow duralumin cylinder, 36 mm in diameter, with 0.25 mm thick wall. The cylinder was heated in a 
thermostat to 180~ and introduced into the flow. The spheres were heated in a furnace, and placed in a 
wind tunnel. After the specimens had been heated to the required tempera tures ,  the furnace was removed,  
and the cooling process  commenced.  The tempera tures  were recorded  by means of thermocouples using 
0.1 mm diameter  electrodes in conjunction with a type GZS-47 galvanometer .  The experimental  data was 
p rocessed  in terms of the ratio Nun/NUst; an exponential method based on Re and Fo was employed. Special 
experiments  were used to determine Nust (for s teady-s ta te  conditions); the results  are in agreement  with 
the published relat ionships.  The experimental  results  can be descr ibed by an expression of the form 

Nun C 
NUst -- 1 + FomR--~, 

where the constants depend on the shape of the body and the range of Fo and Re values. 
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It follows from [28, 30] that the heat-transfer coefficient is larger under unsteady eonditions than 
under steady. The ratio diminishes with time and with increasing flow velocity. It also depends on the 
shape of the body. Most of the change in the coefficient occurs  during the f i rs t  2-4 see,  with the coefficient 
becoming almost  constant after 10-15 sec.  

In [34], an unsteady heating process  in a hollow 8.4 and 2.6 mm diameter  cylinder was induced by 
abruptly placing it in a t r ansver se  jet of air  heated to 70-80~ The value of Re ranged from 400 to 3700. 
The cylinder,  formed by winding 0.1 mm diameter  wire over  paper,  serves  s imultaneously as a res is tance  
the rmomete r  for determining the average tempera ture  over the c i rcumference .  The measurements  es tab-  
lished that during the f i rs t  5-10 sec,  the hea t - t r ans fe r  coefficient r i ses  from near ly  zero to the s teady-s ta te  
value. 

Comparing the air-f low pa ramete r s  employed in [36, 37, 29, 28, 34, 30], we see that the pa rame te r  
ranges overlap or are  cl~ose. All of the experimental  specimens sat isfy the condition Bi < 0.1. The initial 
tempera ture  drop amounted to severa l  dozen degrees .  The body was then either rapidly placed in a flow, 
or else a gate obstructing the flow was removed.  Recording of the specimen tempera tures  began during the 
f i rs t  few seconds.  Tile same method was used in all the studies to determine the hea t - t r ans fe r  coefficient 
(it was required that Bi be small).  

The results  of the experiments  differ. In [36, 37, 29], the coefficient remained constant for the f i rs t  
few seconds,  equal to the steady value; in [28, 30], it exceeded the steady value during the f i rs t  few seconds,  
then approached a constant value; in [34] finally, during the initial period of the p rocess  the coefficient was 
below the steady value, which it then approached. 

These resu l t s ,  apparently contradic tory,  can be accounted for in the following way~ 

In [28, 30], the bodies employed were thin-walled, and were initially heated to 180~ Thus during 
the initial cooling period, it was possible to obtain g rea t e r  rates of change of tempera ture  with time than 
for  the solid spheres  employed in [29], with initial heating to 80~ Moreover ,  the authors of [28, 30] con-  
centrated on recording the tempera ture  during the f i rs t  2-4 see of the p rocess .  The rates  of tempera ture  
variat ion recorded  in [28, 36] reached 5-6~ (In [37, 29], they did not exceed 0.5-2~ For  such 
rates  of change in air ,  unsteady-s ta te  effects can occur  [22], but the Nu/Nust rat io of 2-2.5 obtained in [28, 
30] is obviously too high. 

In [34], the method employed to create  unsteady conditions differed from that used in the other studies 
mentioned. There were also differences in the direction of the heat flux, the a r rangement  of the exper i -  
mental body, and the method used to measure  tempera ture .  These factors  may account for the result  d i s -  
cussed.  

The notion that there is a fundamental difference between unsteady and steady heat exchange was f i rs t  
formulated in [4], where it was confirmed experimental ly.  

The investigation was ca r r i ed  out in a s t r eam of water .  A thermosta t  was used, [n conjunction with 
a setup consist ing of a thermosta t ,  a pump, and a pipe, all forming a closed loop. The value of Re varied 
from 200 to 5000. A pipe of rectangular  c ross  section was used. The investigated body was so installed 
at the pipe wall that its u ninsulated end was integral with the inside surface  of the pipe. The specimens 
were solid cyI inders ,  10-100 mm long (15 mm in diameter) ,  made from various metals .  Thermocouples  
( C h - C  type, 0.2 mm in diameter)  were bounded at various distances from the end of the specimen at which 
the heat-exchange process  was taking place. The specimens were f i rs t  cooled in a thermosta t  to 0~ The 
tempera ture  of the water  in the thermosta t  employed to investigate the heating process  was 74~ while the 
water  s t ream in the pipe was at 46~ A type POB-12 osci l loscope was used to record  the thermocouple 
readings.  The authors employed their own mean- t empera tu re  and success ive - in te rva l  methods to process  
the tempera ture  curves so as to find the boundary conditions at the heat-exchange surface.  

The resul ts  obtained amount to the following. The heat flux varying with time during heating was 
g rea t e r  at any given instant the thicker the specimen (cut from a plate). The q - ~  relationship is also de-  
termined by the pa rame te r  cp of the mater ia l .  These facts are  obvious, since as, for example, the thickness 
increases ,  there is a slow r ise  in surface  tempera ture  with time and, consequently, the heat flux is g rea te r  
at each instant for tf = const. The authors showed that by replacing the time by the variable ~/Rcp,  where 
R is the thickness of the specimen,  the heat-flux curves can be reduced to a single curve.  
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Fig .  3. Coefficient  a (kea l /m 2 �9 h �9 ~ as function of T (sec) 
[4]: a) 1) tt = 100 mm (copper);  2) 1:l = 75 mm (s i lver) ;  
3) R = 50 mm (copper);  b) 1) R = 100mm (s i lver) ;  2) R 
= 50 mm (s i lver) ;  3) R = 50 mm (cobalt).  

One e s sen t i a l l y  new fact appeared:  the h e a t - t r a n s f e r  coeff ic ient ,  obtained as the ra t io  of the heat  flux 
at a given t ime to the d i f fe rence  in the t e m p e r a t u r e s  of the su r face  and the fluid is a va r i ab le  that depends 
on the t ime ,  the th ickness ,  and the p a r a m e t e r  pc of the spec imen  (Fig.  3). F o r  a 75 mm thick s i l v e r  s p e c i -  
men ,  for  example ,  the h e a t - t r a n s f e r  coeff ic ient  va r i e s  by roughly a fac tor  of 3 over  a pe r iod  of 300 sec  
dur ing the heat ing p r o c e s s .  This v a r i a t i o n  does not take place  just  during the ini t ia l  pe r iod ,  where  the ra te  
of change of su r f ace  t e m p e r a t u r e  is  r e l a t i ve l y  high, but is  roughly uniform over  the en t i r e  heat ing p r o c e s s .  

Moreove r ,  the h e a t - t r a n s f e r  coeff ic ient  at any ins tant ,  under ident ical  ex te rna l  condit ions,  is g r e a t e r  

for  the more  m a s s i v e  s p e c i m e n s .  

D i rec t  i n t e r f e r o m e t e r  m e a s u r e m e n t  of the t e m p e r a t u r e  grad ien t  in the boundary l aye r  [24] has con-  
f i r m e d  that spec imen  s ize  influences the h e a t - t r a n s f e r  coeff ic ient .  

This r e su l t  con t rad ic t s  the conclus ions  of the theore t i ca l  and expe r imen ta l  s tudies  ment ioned above. 

As we have ment ioned,  for  a more  m a s s i v e  body,  the t ime ra te  of change in the su r face  t e m p e r a t u r e  
is s m a l l e r  than for  a body with lower  heat  capaci ty  (the heat  capac i ty  can be de t e rmined  by both the d i m e n -  
sions and the t he rma l  c h a r a c t e r i s t i c s ) .  All o ther  condit ions being equal,  t he re fo re ,  the p robabi l i ty  that the 
t e m p e r a t u r e  f ie ld  wil l  lag in the boundary l a y e r  is g r e a t e r  for  a body with lower heat  capaci ty .  In this case ,  
we can also expect  a g r e a t e r  va r i a t ion  in the h e a t - t r a n s f e r  coeff ic ient  as compared  with its quas i s t a t iona ry  

value.  

During a heat ing (cooling) p r o c e s s ,  as the ra te  of change in the t e m p e r a t u r e  d imin i shes ,  a t ime i n t e r -  
val must  occur  for  which the heat ing p r o c e s s  will  begin to be quas i s t a t iona ry .  As r e p o r t e d  in [28, 36, 37, 
29], for  cooling in a i r ,  e i the r  a quas i s t a t i ona ry  p r o c e s s  se ts  in af ter  5-15 sec ,  or  the p r o c e s s  was quas i -  
s t a t i ona ry  f rom the very  beginning.  F o r  a spec imen  hea ted  in wa te r ,  in accordance  with the conclusions of 
the theo re t i ca l  s tud ies ,  the unsteady p r o c e s s  should l as t  longer  than for  a i r .  A quas i s t a t iona ry  p r o c e s s  
wil l  also inevi tably  occur  in this case  as wel l ,  however .  F o r  the p r e s e n t  study,  the unsteady p r o c e s s  con-  
t inued a lmos t  to the end of heat ing.  Moreove r ,  the values obtained for  the change in the unsteady h e a t -  
t r a n s f e r  coeff ic ient  (by a f ac to r  of 3-6) a re  too high for  such condit ions,  in our opinion. 

None the less ,  the fundamental  notions as to unsteady heat  t r a n s f e r  f i r s t  fo rmula ted  in [4] a r e  val id  and 
r e p r e s e n t  a point of d e p a r t u r e  for  fu r the r  r e s e a r c h  in this a r ea .  

In [44] it was a s sumed  that there  can in gene ra l  be no r e l a t ionsh ip  between the h e a t - t r a n s f e r  coef f i -  
cient and the phys ica l  p r o p e r t i e s  or d imens ions  of the s pe c i m e ns .  In the opinion of the author of [44], the 
r e su l t s  obtained in [41 a re  accounted for  by the fact  that a one -d imens iona l  t r ea tmen t  was used,  while the 
t e m p e r a t u r e  f ie ld  in the spec imen  was e s sen t i a l l y  not one -d imens iona l .  This fact  is a s s o c i a t e d  with the 
va r ia t ion  in the h e a t - t r a n s f e r  coeff ic ient  along the d i a m e t e r  of the end of the spec imen .  

It mus t  be noted that spec ia l  m e a s u r e s  were  employed  to c r ea t e  a one -d imens iona l  t e m p e r a t u r e  f ie ld  
[4], while the r e p o r t  gave expe r imen t a l  data conf i rming  that the one-d imens iona l  condition was sa t i s f i ed .  
It is a lso c l e a r  that the data obtained r e f e r r e d  to the a v e r a g e - t r a n s f e r  coeff icient  for the end of the s p e c i -  
men.  There  have been numerous  publ ished s tudies  in which it is the h e a t - t r a n s f e r  coeff ic ients  averaged  
over  a su r face  that have been obtained,  and this in no way in t e r f e r ed  with the de r iva t ion  of val id  phystca[  
r e l a t ionsh ips .  Thus the explanat ion of the r e su l t s  of [44] given in [4] s e e m s  unconvincing to us.  

The work r e p o r t e d  in [20-23, 32] r e p r e s e n t s  one of the most  carefu l  expe r imen ta l  invest igat ions  of 
unsteady heat  exchange under condit ions r e s e m b l i ng  those in actual  tube heat  exchange (in r e a c t o r  fuel 

e l emen t s ,  for  example) .  
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F i g .  4. Change in wal l  t e m p e r a t u r e  T w (~ 
p a r a m e t e r  K fo r  s e v e n  v a l u e s  of x / d ,  and o u t -  
le t  t e m p e r a t u r e  T~ with t ime  ( tube,  6 = 0.225 
m m )  [23]: a) l oad  p ickup  (Re~ = 41.2 �9 104; 
Re 2 = 33.2 �9 104); b) l oad  s h e d d i n g  (Re 1 = 15.6 
�9 104; Re 2 = 2 0 . 4 - 1 0 ~ ) .  

The e x p e r i m e n t a l  ob j ec t  was  a s t a i n l e s s - s t e e l  tube ,  
about  5 m m  in d i a m e t e r ,  wi th  0.3 m m  wa l l  t h i c k n e s s  and 
l eng ths  of about  1 m.  A i r  was p a s s e d  th rough  the tube 
at a m o n i t o r e d  flow r a t e .  U n s t e a d y  hea t  exchange  was  
se t  up by  v a r y i n g  the hea t  r e l e a s e d  in the tube wa l l  
th rough  a change  in the c u r r e n t  p a s s e d  th rough  it .  In an 
e x p e r i m e n t  e m p l o y i n g  C h r o m e l - A l u m e l  t h e r m o e o u p l e s  
0.1 m m  in d i a m e t e r  and a type  N-700  o s c i l l o s c o p e ,  the 
t e m p e r a t u r e  of the ou t s i de  tube s u r f a c e  was  r e c o r d e d  at 
v a r i o u s  d i s t a n c e s  f r o m  the in le t  s e c t i o n .  Heat  i n su l a t i on  
was  u sed  on the ou t s i de  to r e d u c e  tube h e a t  l o s s e s .  The  
a i r  t e m p e r a t u r e  was  a l so  m e a s u r e d  at the in le t  and ou t -  
le t  of the e x p e r i m e n t a l  s e c t i o n ,  as  was  the c u r r e n t  and 
the vo l t a ge  d rop  a c r o s s  the tube ,  and the a i r  flow r a t e  
and p r e s s u r e .  

The  fo l lowing  qua n t i t i e s  w e r e  c a l c u l a t e d  f rom the 
e x p e r i m e n t a l  da t a  by  m e a n s  of the m e t h o d  d i s c u s s e d  
above :  Nun, Re,  P r ,  T w / T a ,  Kt,  and KG, w h e r e  

I-(~ = aTwd2 , K G - -  OO d ~ 

0-r (T~, - -  Ta) af c>~ Gv 

The va lue s  of Nu w e r e  d e t e r m i n e d  e x p e r i m e n t a l l y  
unde r  s t e a d y - s t a t e  c o n d i t i o n s .  They  a g r e e  with the p u b -  
f i shed  da ta .  The a u t h o r s  p r o p o s e  that  K t and K G be 
taken as  the f u n d a m e n t a l  p a r a m e t e r s  d e t e r m i n i n g  the 
r a t i o  K = NUn/NUst,  on the b a s i s  of an a n a l y s i s  of the 
equa t ion  s y s t e m .  In e s s e n c e ,  K t is  the h e a t i n g  ( coo l -  

ing) rate in dimensionless form; it represents the rate of change in the dimensionless surface temperature 
with time. 

Figures 4 and 5 show results of experiments involving load pickup and shedding as a function of these 

parameters. The parameters were varied over the following ranges: Re = (2-4).104 , Tw/T a =1.0-1.65, 

K t = -30 to 30. The rate of change in the wall temperature reached200-360~ 

The experiments demonstrated that under unsteady conditions the heat-transfer coefficient will differ 

from the steady-state values. With an increase in the rate of change of the surface temperature (or Kt) , 

this difference increases. The ratio K = NUn/NUst reached 1.6-1.8. The experiments confirmed that Nu n 

and Nust  depend  in the s a m e  way on Re.  C r i t i c a l  r e l a t i o n s h i p s  w e r e  ob t a ined  that  m a k e  it p o s s i b l e  to d e -  
t e r m i n e  the i n t e n s i t y  of u n s t e a d y  hea t  t r a n s f e r  for  a i r  f lowing in a tube o v e r  the i n v e s t i g a t e d  r a n g e  of 
p a r a m e t e r s .  The  e x p e r i m e n t a l  r e s u l t s  a r e  in a g r e e m e n t  wi th  the p r o c e s s  m o d e l .  The r e l a t i o n s h i p s  o b -  
t a i ned  m a k e  it p o s s i b l e  to e s t i m a t e  the q u a s i s t e a d y  and u n s t e a d y  r e g i o n s .  F o r  the e a s e  c o n s i d e r e d ,  K e x -  
c e e d s  1.05, p r o v i d e d  the r a t e  of change  in the s u r f a c e  t e m p e r a t u r e  e x c e e d s  5 - 1 0 ~  

F o r  the tube u sed  in the e x p e r i m e n t s  ( d i a m e t e r  5.5 r a m ,  wa l l  t h i c k n e s s  0.225 ram)  the Bi n u m b e r  is 
e s t i m a t e d  at  0.044. Thus we can  e m p l o y  the m e t h o d  c o n s i d e r e d  above  for  d e t e r m i n i n g  the h e a t - t r a n s f e r  
c o e f f i c i e n t  at  low Bi ,  which is s i m p l e r  than the m e t h o d  e m p l o y e d  in the g iven  s tudy .  It would  be usefu l  to 
c o m p a r e  the r e s u l t s  ob ta ined  by the two m e t h o d s  so  as to e s t i m a t e  the a c c u r a c y  of the r e s u l t s .  F o r  s m a l l  
Bi ,  the t e m p e r a t u r e  d r o p s  a c r o s s  the wal l  t h i c k n e s s  a r e  a l s o  s m a l l .  

In the e x p e r i m e n t s ,  it took 1 .2 -20  s e c  to e s t a b l i s h  the new p r o c e s s ,  with the t i m e  v a r y i n g  rough ly  in 
p r o p o r t i o n  to the tube t h i c k n e s s  (wall  t h i c k n e s s e s  of 0.225 m m  and 0.32 m m  w e r e  used) .  Thus the s e t t l i n g  
t i m e  and the r a t e  of change  in the wa l l  t e m p e r a t u r e  w e r e  a f f ec t ed  both by  the r e a r r a n g e m e n t  of the t e m p e r a -  
l u r e  p r o f i l e  in the b o u n d a r y  l a y e r  and the tube hea t  c a p a c i t y .  The p r o c e s s  s t u d i e d  r e p r e s e n t s  a c o m b i n a t i o n  
of coo l ing  (heat ing)  of the ob j ec t  and u n s t e a d y  hea t  exchange .  No s p e c i a l  i n v e s t i g a t i o n  was  m a d e  of the r e -  
l a t i o n s h i p  be tween  the h e a t - e x c h a n g e  r a t e  and the wa l l  t h i c k n e s s ,  but  in p r i n c i p l e  this  r e l a t i o n s h i p  p a r t i c i -  
p a t e s  in the u l t i m a t e  r e s u l t s ,  s i n c e  the r a t e  of change  of the s u r f a c e  t e m p e r a t u r e  depends  on the wa l l  t h i c k -  
n e s s .  F r o m  the e n g i n e e r i n g  v i ewpo in t ,  it would  be conven ien t  to use  K as  a funct ion of the t h i c k n e s s  and 
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Fig. 5. Dependence of K on K t for step variation in heat re lease  
in tube wall [23]. 

proper t ies  of the wall mater ia l ,  the fluid tempera ture ,  and the heat l iberated in the wall, and not as a func-  
tion of the rate of change of tempera ture  at the surface ,  r e f e r r ed  to the difference T w - T a ,  since we do not 
know the latter quantities in advance. 

There  was no mention in the study of how the time derivatives of the tempera ture ,  which occur in Kt, 
were determined f rom the experimental ly measured  t e m p e r a t u r e - t i m e  relat ionships.  Certain e r r o r  can 
occur  when a graphical  method is used. Moreover ,  e r r o r s  can occur  when the tube surface temperature  is 
measured  by means of thermoeouples with junction diameters  of about 0.2 mm when the tube thickness is 
0.225-0.32 ram. It is not c lear  whether or not the entire junction was placed within the wail, or mere ly  
touched a portion of the tube surface.  In ei ther  case ,  e r r o r s  can occur.  For  the tube temperatures  (up to 
500-700~ there can be substantial  losses to the insulation, and substantial losses to the ambient. 

We can draw several  general  conclusions from the analysis of the theoret ical  and experimental  r e -  
sults.  

1. The two hea t - t r ans fe r  cases  considered (s teady-state  and unsteady) differ substantially. Calcula-  
tions for unsteady heat t ransfer  by the methods developed for s teady-s ta te  cases give false results  when 
the instantaneous values of the pa ramete r s  are used. 

2. The unsteady hea t - t r ans fe r  coefficient is a function of the time. Under identical conditions and, 
in par t icu lar ,  for identical t empera ture  differences (t w - i f ) ,  the rate of unsteady heat t ransfer  differs from 
from the rate of steady heat t ransfer .  

3. For  the two cases discussed,  the rat io of these rates  depends on the fluid flow paramete r s  (Re, 
Pr) ,  the proper t ies  (physical pa ramete r s  and thickness) of the wall, and the time (or on the time rate of 
change in the surface  temperature) .  

4. The features of unsteady heat exchange are  independent of the flow regime,  the shape of the body, 
the nature of the flow past  the body (external flow, tube flow); there will be a specific relationship for each 
par t icu lar  case .  

Our discussion is not valid for  cer tain ex t raord inary  conditions, but will hold for many problems en-  
countered in pract ice .  This is true whether we have a step variat ion in the hea t - t r ans fe r  pa ramete r s ,  or 
whether they vary  monotonically.  The degree to which the process  deviates f rom the steady state depends 
on an entire complex of pa r am e te r s ,  and in par t icular  on K t = (d2/a(tw-tfl))(0t/ST). Thus, for example, 
when the surface  tempera ture  var ies  monotonically,  the amount by which the hea t - t r ans fe r  coefficient de-  
viates f rom the s teady-s ta te  value for large P r  may be g rea te r  than for a step change in the temperature  by 
the same amount, but with a smal le r  value of P r .  

5. None of what we have said should be interpreted as excluding quasisteady processes  of unsteady 
heat t r ans fe r  when the relationships of pa ramete r s  are suitable. Certain studies have established values 
of pa rame te r s  that delimit the regions of unsteady and quasisteady heat t ransfer .  

1 ,  

2. 
3. 
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